iuj.  the’ 

DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCiENTlFiC  AND  TECHNICAL  INFORMATION 


CAMERON  STATION,  ALEXANDRIA,  VIRGINIA 


UNCLASSIFIED 


NOTICE:  When  government  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  pui^wse 
other  than  in  connection  with  a  definitely  related 
government  procuirement  operation,  the  U.  S- 
Government  thereby  Incurs  no  responsibility,  nor  euiy 
obligation  'vdiatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  foimulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  coiporation,  or  conveying  any  ri^ts 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


SSD-TDR-S3-27 


REPORT  NO. 


TDR-169(3240-1l)TN-2 


Yielding  and  Flow  of  Iron 


27  FEBRUARY  1963 


Prepared  by  HANS  CONRAD 
Materials  Sciences  Laboratory 


Prepared  for  COMMANDER  SPACE  SYSTEMS  DIVISION 
UNITED  STATES  AIR  FORCE 
Ingletvood,  California 


/S63 


k 


tisia  ^ 


LABORATORIES  DIVISION  •  AEROSPACE  CORPORATION 

CONTRACT  NO.  AF  04  (695) -169 


9 


SSD-TDR-63-27 


Report  No. 

TDR-l69(3240-ll)TN-2 


YIELDING  AND  FLOW  OF  IRON 


Prepared  by 
Hans  Conrad 

Materials  Sciences  Laboratory 


AEROSPACE  CORPORATION 
El  Segundo,  California 


Contract  No.  AF  04(695)- 169 


27  February  1963 


Prepared  for 

COMMANDER  SPACE  SYSTEMS  DIVISION 
UNITED  STATES  AIR  FORCE 
Inglewood,  California 


1 


ABSTRACT 


The  significance  of  the  parameters  of  the  Hali- Fetch  equation 
(T  -  (t'''  {T,  k)  (T  (st)4-  kd  ^ 

jJL 

for  yielding  and  flow  of  iron  and  steel  are  discussed.  The 
available  experimental  data  suggest  that  c'''  represents  the 
the  rmally- activated  overcoming  of  the  Peierls-  Nabarro  stress.. 
The  variations  in  a*’*'  with  structure  can  be  interpreted  as 
changes  in  either  dislocation  density  contributing  to  the  de¬ 
formation  or  the  average  distance  the  dislocations  move  per 
successful  thermal  fluctuation.  Good  agreement  between  ex¬ 
periment  and  theory  is  found  for  the  contributions  to  c  of  in- 
terstitials  in  solution,  precipitate  particles,  and  strain.  The 
significance  of  k  is  still  unresolved. 

The  experimental  data  suggest  that  the  yield  point  in  iron  and 
steel  is  not  due  to  the  the  rmally- activated  unlocking  of  dislo¬ 
cations  from  an  interstitial  atmosphere,  but  rather  is  asso¬ 
ciated  with  the  decrease  in  dislocation  velocity  due  to  the 
sudden  multiplication  of  dislocations  by  the  double  cross- slip 
mechanism.  Stress- strain  curves  for  mild  steel  calculated 
on  the  basis  of  this  latter  mechanism  are  in  good  agreement 
with  the  experimental  curves. 
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I.  INTRODUCTION 


The  present  discussion  covers  yielding  and  flow  of  iron  from  a  different 
viewpoint  than  that  of  Allen  (Ref.  1)  or  Low  (Ref.  2).  Special  attention  is 
here  given  to  the  identification  of  the  dislocation  mechanisms  responsible 
for  the  parameters  of  the  Hall- Fetch  equation  (Refs.  3  -  5),  Also,  an 
explanation  for  the  yield  point  is  given,  which  appears  to  be  in  better  agree¬ 
ment  with  the  experimental  data  than  Cottrell's  theory  (Ref.  6)  of  breaking 
away  from  an  interstitial  atmosphere.  This  discussion  will  only  be  con¬ 
cerned  with  iron  and  steel  where  the  effects  of  alloying  elements  other  than 
the  interstitials  are  negligible. 


II.  HALL- FETCH  EQUATION  FOR  YIELDING  AND  FLOW 


Considerable  experimental  data  indicate  that  the  yield  stress  and  flow  stress 
in  iron  and  steel  obey  the  relation  (Refs.  3-5  and  7-9) 

cr=cr^MT,6)-l-o-(st)+kd’^^^  (1) 

{t'*'  is  the  thermal  component  of  the  stress  that  may  depend  on  composition 
(Ref.  8),  strain  (Refs.  10  and  11),  and  whether  the  specimen  is  single  or 
polycrystalline  (Ref.  8),  as  well  as  on  the  temperature  T  and  the  strain 
rate  €.  is  the  athermal  component  of  the  stress  that  is  related  to  the 
structure  associated  with  dislocations,  C  +  N  in  solution,  precipitates,  etc.  , 
(Refs.  IZ  and  13)  and  is  proportional  to  the  shear  modulus  p.  k  is  the  slOpe 
of  the  straight  line  obtained  when  the  yield  or  flow  stress  is  plotted  versus 
the  reciprocal  of  the  square  root  of  the  grain  size  d  and  is  relatively  inde¬ 
pendent  of  temperature  and  strain  rate  over  the  range  100^-300^K  (Refs.  7, 
14,  and  15),  but  may  depend  on  composition  (Ref.  15).  The  value  of  k  for 
flow  is  approximately  equal  to  that  for  yielding  (Refs.  9  and  16). 

The  effect  of  C  and  N  content  on  o''"'  is  most  pronounced  for  concentrations 
below  about  0.  01  wt%  (Ref.  8)  (see  also  Fig.  1  2  in  Ref.  1).  Similarly,  the 
effect  of  interstitials  on  k  is  most  marked  at  very  low  concentrations. 
Furthermore,  N  has  a  greater  effect  on  k  than  does  C  (Ref.  13).  In  regard 
to  the  effect  of  interstitials  on  o-  ,  Heslop  and  Fetch  (Ref.  13)  have  shown 
that  (T  increases  in  a  linear  manner  with  the  amount  of  C  +  N  in  solution: 
also,  0*^  depends  the  presence  and  dispersion  of  interstitial  precipitates. 

A  decrease  in  o''-'  with  strain  has  been  observed  for  decarburized  Ferrovac 
iron  (Ref.  10)  and  for  vacuum-melted  electrolytic  iron  (0.  014  percent  C) 
quenched  from  920°C  (Ref.  11).  On  the  other  hand,  an  increase  in  (r  *  with 
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strain  over  the  temperature  range  200^-300^K  has  been  observed  for  single 
crystals  made  from  Carbonyl  iron  (Ref.  17).  Essentially  no  effect  of  strain 
on  (T*  occurred  for  annealed  vacuum -melted  electrolytic  iron  (Ref.  7)  or 
annealed  Ferrovac  ion  (Ref.  10). 

The  increase  of  cr  with  strain  in  polycrystals  (i.  e.  ,  the  strain  hardening 
H-  -  3  . 

coefficient  decreases  with  strain)  is  of  the  order  of  5  X  10  jx  at  a  strain  of 

0.  1  and  is  relatively  independent  of  temperature  and  grain  size  (Ref.  18). 

The  effect  of  grain  size  on  becomes  noticeable  only  at  very  large  grain 
sizes,  for  example,  when  comparing  single  and  polyc rystalline  specimens 
(Ref.  8).  (Also  see  Fig.  17  in  Ref.  2.  ) 

The  interpretation  of  the  parameters  of  Eq.  1  and  their  variation  with  inter¬ 
stitial  content,  strain,  grain  size,  etc.  ,  will  now  be  discussed. 
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III.  INTERPRETATION  OF  o*’!' 


It  is  now  generally  accepted  that  the  deformation  of  metals  may  be  thermally 
activated;  if  a  single  mechanism  is  rate-controlling,  one  can  write 


V 


,  ,  H(t,  T) 

pbv  =  pbsv"*'  exp - 


(2) 


for  the  shear  strain  rate  y,  where  p  is  the  density  of  dislocations  contributing 
to  the  deformation,  b  is  the  Burgers  vector,  v  is  the  average  velocity  of  the 
dislocations,  s  is  the  average  distance  a  dislocation  moves  after  each  suc¬ 
cessful  thermal  fluctuation,  v is  the  frequency  of  vibration  of  the  dislocation 
segment  involved  in  the  thermal  activation,  and  H  is  the  activation  enthalpy 
(energy)  which  may  be  a  function  of  the  shear  stress  t  and  the  temperature  T. 
For  iron  and  steel  in  the  temperature  range  of  80^-300^K,  it  has  been  found 
(Ref.  7)  that  H  is  primarily  a  function  of  the  effective  shear  stress  given 
by  the  difference  between  the  applied  stress  x  and  the  long  range  internal 
stress  T  (i.  e.  ,  x'!'  =  x  -  x  ). 


Rearranging  Eq.  (2)  and  differentiating,  one  obtains 


k  In  (y/v) 

/8t»\ 

\  dTj. 

Y 


(3) 


where  v  =  pbsv*  and  -dH/dx*  is  defined  as  the  activation  volume  v*. 
Furthermore,  from  Eq.  (2),  one  obtains 

H=kTln(v/Y)  (4) 
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It  also  follows  that 


=  In  (y/v  ) 


Finally,  one  can  show  th. at  (Ref.  19) 


(5) 


(6) 


From  the  above,  it  is  eWdent  that  if  v  is  relatively  independent  of  stress  and 

temperature,  the  pax-ameters  H,  V'‘S  and  v  can  be  obtained  from  the  effect  of 

temperature  and  strain  rate  on  the  yield  or  flow  stress  in  a  constant  strain 

rate  tension  test  or  From  the  effect  of  stress  a.nd  temperature  on  the  strain 

rate  in  a  constant  stress  creep  test.  For  such  determinations  on  poly- 

cryrstalline  iron,  itis  generally  assumed  that  t  =  (l/2)(r  and  y  =  0,  74  ,  where  (r 

is  the  tensile  stress  and  4  is  the  tensile  strain  rate.  Also,  (dr'-^dT).  is 

Y 

approximated  by  (0t/0T)  since  dx  /dT  is  small  compared  to  dT),  . 

Y  Y 

Because  o’  and  k  are  relatively  independent  of  temperature,  the  strong 
temperature  dependence  of  the  yield  and  flow  stress  in  iron  resides  primarily 
in  o*'-'.  It  is  therefore  of  importance  to  know  the  dislocation  mechanism 
responsible  for  Three  mechanisms  have  been  proposed: 

a)  Overcoming  the  Peie rls- Nabarro  stress  (Refs.  9,  10,  and  13)., 

b)  Nonconservative  motion  of  jogs  in  screw  dislocations 
(Ref.  20). 

c)  Overcoming  interstitial  atom  precipitates  (Ref.  17). 

One  approach  for  deternxining  the  mechanism  that  is  controlling  is  to  deter¬ 
mine  the  values  of  H,  and  v  for  yielding  and  flow,  and  compare  these  with 

predictions  based  on  the  specific  dislocation  models. 
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Xhe  results  obtained  for  iron  will  now  be  discussed.  Figure  1  gives  the 
variation  of  the  activation  volume  V'*^  for  both  yielding  and  flow  in  iron  and 
steel  with  the  effective  stress  ^  The  solid  curve  for  the  polycrystals  is 

based  on  results  by  Conrad  (Ref.  7)  and  Conrad  and  Frederick  (Ref.  11).  It 
is  seen  here  that  for  the  polycrystals  v'*'  for  yielding  and  flow  decreases  with 
stress  from  about  35  b  to  1 1  b  in  the  range  =  Z  kg/mm^  to  t’*' =  45  kg/mm^. 
Below  t’*'  =  2  kg/mm  ,  V'*'  increases  very  rapidly  with  decrease  in  stress, 

3 

becoming  200  b  or  greater  as  t'!'  approaches  zero.  It  is  further  seen  that 
the  limited  single  crystal  data  (Refs.  17,  21,  and  22)  agree  with  the  results 
for  the  polycrystals.  Also,  the  activation  volumes  obtained  from  the  dislo¬ 
cation  mobility  studies  by  Stein  and  Lx>w  (Ref,  23)  are  similar  in  magnitude 
to  those  obtained  from  the  yield  and  flow  stress  data. 


Figure  2  shows  the  effect  of  stress 
on  the  activation  energy  for 
yielding  and  flow.  The  solid  curve 
represents  results  for  polycrys¬ 
talline  material  with  total  inter¬ 
stitial  content  (C  +  N  +  O)  greater 

than  0.  01  wt%.  The  dashed  curve 

2 

for  stresses  below  2  kg /mm  is  for 

tests  by  Basinski  and  Christian 

(Ref.  10)  on  decarburized  Ferrovac 

iron.  Figure  2  shows  that  the 

activation  energy  for  the  not- 

decarburized  material  decreases 

from  about  0.  58  ev  at  =  0  to 

2 

0.  09  ev  at  t'-'  =  45  kg/mm  . 
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Figure  1.  Effect  of  Stress  on  Activation 
Volume  for  Yielding  and  Flow 
in  Iron  and  Steel 


To  obtain  t'-S  it  was  assumed  that  t'J'  =  0  when  (0(r/9T)^  /o*  «  (dfi/dT)/p;  i.  e.  , 
when  the  temperature- dependence  of  the  yield  or  flow  stress  is  due  principally 
to  the  change  in  shear  modulus  with  temperature.  For  comparison  with  earlier 
work  (Ref.  9),  t"-'  =  |{t-  t°)  +  2  kg/mm^l.  For  iron  tested  at  a  strain  rate  of 
10-4  sec-l,  =  0  at  --300®- 350°K. 
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Figure  Z.  Effect  of  Stress  on  Activation 
Energy  for  Yielding  and  Flow 
in  Iron  and  Steel 


Again,  the  limited  single  crystal 
data  and  the  dislocation  mobility 
results  yield  values  in  reason¬ 
able  agreement  with  the  more 
numerous  polycrystalline  data. 

According  to  Eq.  (4),  the  value 
of  V  can  be  obtained  from  the 
slope  of  a  plot  of  H  versus  tem¬ 
perature.  Furthermore,  in  the 
range  where  v  is  a  constant,  H 
is  proportional  to  the  tempera¬ 
ture  T.  This  proportionality 
does  not  mean  that  H  is  a  direct 
function  of  the  temperature,  but 
rather  that  H  is  a  function  of  the 
stress,  and  to  maintain  a  con¬ 
stant  strain  rate,  the  stress 
increases  as  the  temperature 
dec  reases. 


Figures  3  and  4  show  plots  of  H  versus  temperature  for  various  irons  and 
steels  (Refs.  10,  24,  Z5,  26,  27  and  28).  It  is  here  seen  that  H  is  propor¬ 
tional  to  the  temperature  to  some  value  T^,  above  which  H  either  remains 
relatively  constant  at  approximately  0.  5-0.  6  ev  (not- decarburized  material) 
or  increases  sharply  to  values  of  2  ev  or  greater  (decarburized  material).  The 

values  of  v  obtained  from  the  initial  straight  line  portions  of  these  curves  are 
6  9-1 

between  6X10  and  6x10  sec  .  Figure  5  gives  plots  of  H  versus  T  derived 

from  the  dislocation  mobility  studies  of  Stein  and  Low  (Ref.  23)  on  3.  25  percent 

silicon  iron.  From  the  initial  slope,  one  obtains  a  value  of  MO^  cm/sec  for 

8  11  -  2 

v'  =  sv*.  Taking  v  =  pbsv^'S  these  values  of  v  and  v'  give  10  -10  cm  for 
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Figure  3.  Variation  of  Activation  Energy 
with  Temperature  for  Decar- 
burized  Ferrovac  Iron  (Data 
from  Ref.  10) 
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Figure  4.  Variation  of  Activation  Energy 
with  Temperature  for  Ingot 
Iron  and  Mild  Steel 


-9- 


TEMPERATURE.  •K 


the  dislocation  density  p  par-? 
ticipating  in  the  deformation. 
These  densities  are  in  rea¬ 
sonable  agreement  with  values 
for  iron  obtained  from  internal 
friction  studies  (Ref.  29)  and 
from  direct  observation  of 
dislocations  by  thin  film  elec¬ 
tron  transmission  (Ref.  30). 

Lean,  Plateau,  and  Crussard 


Figure  5.  Variation  of  Activation  Energy 
with  Temperature  for  Disloca¬ 
tion  Mobility  in  3.  25  percent 
Si-Fe  (Data  from  Ref.  23) 


(Ref.  31)  also  found  that  the 
activation  energy  for  the 
upper  and  lower  yield  stress 
of  a  mild  steel  is  proportional 


to  the  temperature.  For  strain  rates  ranging  from  10  to  10 


obtained  H  =  53  T  cal/mole  for  the  upper  yield  stress  and  H  =  60  T  cal/mole 


for  the  lower  yield  stress.  Taking  an  effective  strain  rate  given  by  the 


square  root  of  the  product  of  their  maximum  and  minimum  rates,  one  obtains 
V  =5X10^  sec  ^  for  the  upper  yield  stress  and  v  =  10^^  sec  ^  for  the  lower 


yield  stress.  These  values  are  in  good  agreement  with  those  given  in 
Figs.  3-5,  Also,,  the  fact  that  v  for  the  upper  yield  is  less  than  that  for  the 
lower  yield  is  consistent  with  the  expectation  that  the  dislocation  density  for 
the  Luders  strain  is  larger  than  that  at  the  upper  yield  stress.  Lean,  Plateau 
and  Crussard  (Ref.  31)  also  found  that  the  activation  energy  derived  from  the 
effect  of  strain  rate  on  the  ductile- to-brittle  transition  temperature  was 
proportional  to  the  temperature  with  a  proportionality  constant  of  40-50, 
giving  values  of  v  10^  sec 


( 


I 
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When  comparing  the  values  of  H,  v’5'  and  v  with  various  thermally-activated 
dislocation  mechanisms  (overcoming  the  Peierls- Nabarro  stress,  inter¬ 
section  of  dislocations,  nonconservative  motion  of  jogs,  cross- slip, 
overcoming  precipitate  particles,  and  breaking  away  from  a  Cottrell 
atmosphere),  the  best  agreement  is  obtained  with  predictions  based  on 
overcoming  some  inherent  lattice  resistance  such  as  the  Peierls- Nabarro 
stress  as  the  rate- controlling  mechanism  for  both  yielding  (upper  yield, 
delay  time  for  yielding,  lower  yield,  Luders  band  propagation)  and  flow  (flow 
stress  and  dislocation  mobility)  in  iron  (Refs.  9  and  11).  Support  for  the 
Peierls- Nabarro  stress  mechanism  is  also  provided  by  the  observation  of 
Low  and  Guard  (Ref.  32)  that  dislocations  in  silicon-iron  lie  along  close- 
packed  directions.  The  experimental  data  thus  suggest  that  the  strong  tem¬ 
perature  and  strain- rate  dependence  of  the  yield  and  flow  stress  in  iron 
arises  from  a  high  Peierls- Nabarro  stress  in  the  b.c.c.  lattice. 

Tf  <r'‘'  represents  the  thermally- activated  overcoming  of  the  Peierls- Nabarro 
stress,  one  must  explain  why  (r^'  may  vary  with  strain,  composition,  grain 
size,  precipitates,  etc.  ,  since  one  does  not  expect  the  Peierls- Nabarro  stress 
to  be  affected  by  the  structure.  In  regard  to  this,  recent  work  by  Conrad  and 
Frederick  (Ref.  11)  has  shown  that  the  effect  of  strain  on  the  temperature 
dependence  of  decarburized  iron  or  quenched  iron  can  be  explained  simply  by 
an  increase  in  the  number  of  dislocations  p  contributing  to  the  deformation. 

It  was  found  that  neither  H  nor  v'l'  were  affected  by  straining,  the  only  affect 
being  on  v>  or  more  specifically  on  the  dislocation  density  p.  An  example  of 
the  change  in  v  with  strain  is  shown  in  Fig.  6  for  the  data  by  Basinski  and 
Christian  (Ref.  10)  on  their  decarburized  Ferrovac  iron.  Similarly,  the 
stronger  temperature  dependence  of  observed  by  Basinski  and  Christian 


2 

A  thermally- activated  mechanism  for  overcoming  the  Peierls -Nabarro  stress 
has  been  proposed  by  Seeger  (Ref.  59)*  It  involves  the  formation  of  a  pair  of 
kinks  in  a  dislocation  line  lying  along  a  close-packed  direction  and  the  subse¬ 
quent  lateral  propagation  of  the  kinks  along  the  dislocation  line. 
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Figure  6.  Variation  oi  Activation  Energy 
with  Temperature  for  Ferrovac 
Iron  (From  data  of  Ref.  10) 


for  their  decarburized  iron  as 
compared  to  their  annealed 
( not- decarburized)  iron  was 
due  to  a  larger  value  of  vi 
i.  e.  ,  a  higher  dislocation 
density  for  the  annealed  mate¬ 
rial  (Fig.  3).  Likewise,  the 
stronger  temperature  depend¬ 
ence  of  (given  by  taking 

'  ^300^  decarburized 

material  in  Fig.  32  of  Ref.  2 
by  Low,  as  compared  to  the 
not- decarburized  material,  is 
probably  due  to  a  smaller  value 
of  V  for  the  decarburized 
material.  These  results 
suggest  that  interstitial  pre¬ 
cipitates  play  a  significant  role 
in  the  generation  of  dislocations, 
agreeing  with  observations  by 
Leslie  (Ref.  33)  in  thin- film 
electron  transmission  studies 


on  iron  containing  carbon  and  nitrogen  precipitates  (for  example,  Fig.  7). 


Since  heating  and  quenching  from  a  high  temperature  will  also  remove  inter¬ 
stitial  precipitates,  it  is  expected  that  the  temperature  dependence  of  cr’*'  for 
iron  with  low  interstitial  contents  will  be  smaller  for  slow  cooling  than  for 
quenching  rapidly  from  a  high  temperature.  This  has  been  found  to  be  the 
case  for  specimens  of  vacuum-melted  electrolytic  iron  (C  +  N  «0.  015  percent) 
heated  to  920^C  and  then  either  water-quenched  or  slowly  cooled  and  aged 
(Ref.  11). 
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Figure  7.  Fe^C  Particles  Acting  as  Dislocation  Sources  in 
an'Ve-Mn-C  Alloy,  (After  Leslie,  Ref.  33). 


Along  these  lines  one  can  also  understand  why  for  annealed  iron  and  steel 

is  relatively  independent  of  strain,  while  for  the  decarburized  or  quenched 

material  changes  with  strain  (Refs.  7,  10,  and  11).  Due  to  the  presence  of 

precipitates  in  the  annealed  material,  a  large  number  of  dislocations 
11  -  2 

to  10  cm  )  are  already  produced  during  the  lower  yield  point  elongation 

and  no  significant  increase  occurs  upon  further  straining.  On  the  other  hand, 

in  the  quenched  or  decarburized  material  where  no  precipitates  are  present, 

the  number  of  places  where  dislocations  can  be  generated  are  fewer  and  hence 

the  density  of  dislocations  existing  at  the  yielding  stress  is  lower  (of  the 

8  -  2 

order  of  10  cm  ).  Upon  straining,  this  density  then  increases  to  approxi- 
11  -  2 

mately  10  cm  (Fig.  6),  giving  a  decrease  in 


On  the  basis  of  the  above,  it  is  expected  that  the  weaker  temperature  depend¬ 
ence  of  the  yield  stress  of  single  crystals  as  compared  to  polycrystals  (Ref.  8; 
also  Fig.  17  in  Ref.  2)  in  the  100^-300^K  range  is  due  to  a  larger  value  of  v 

for  single  crystals  (Ref.  9).  For  example,  for  the  difference  in  at  lOO^K 

2  3 

between  single  and  polycrystals  (^7  kg /mm  ),  one  obtains  v  Iv  «  10  from 

s  p 

the  variation  of  H  with  t'*'  in  Fig.  2.  This  difference  in  v  can  be  due  to  a 
difference  in  dislocation  density  p  or  to  a  difference  in  the  average  distance  s 
the  dislocations  move  forward  per  successful  thermal  fluctuation.  If  the 
average  free  length  of  a  dislocation  loop  in  a  single  crystal  is  larger  than  that 
in  a  polycrystal,  a  difference  in  s  will  result;  this  has  been  observed  to  be  the 
case  (Ref.  30).  Similarly,  one  can  explain  the  weaker  temperature  depend¬ 
ence  of  the  yield  stress  of  high  purity  polycrystals  as  compared  to  impure 
polycrystals  over  the  range  of  100^-300^K  (Refs.  8  and  9).  However,  if  the 
Peierls- Nabarro  model  presented  above  is  valid  and  twinning  does  not  occur, 
the  yield  stress  of  single  crystals  and  high  purity  polycrystals  must  then  rise 
more  rapidly  than  that  of  the  impure  polycrystals  below  about  lOO^K,  since 
the  value  of  the  stress  at  O^K  must  be  the  same  for  all  forms  of  iron.  This 
is  shown  schematically  in  Fig.  8.  Some  indication  that  this  does  actually 
occur  is  provided  by  the  yield  stress  data  of  Allen,  Hopkins  and  McLennan 
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(Ref.  34)  on  iron  single  crystals  and  Lawley,  Van  den  Sype  and  Maddin(Ref.  35) 
on  molybdenum  single  and  polycrystals.  Additional  experiments  on  the  effect 
of  temperature  and  strain  rate  on  the  yield  and  flow  stress  of  single  crystals 
and  high  purity  polycrystalp  are  needed  to  resolve  the  question  of  the  weaker 
temperature  dependence  of  the  yield  and  flow  stress  of  these  materials  as 
compared  to  impure  polycrystals. 
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Figure  8.  Schematic  of  Temperature 

Dependence  of  the  Yield  Stress 
of  Iron  Single  and  Polycrystals 


IV.  INTERPRETATION  OF  (t 


As  inaicated  above,  cr  is  affected  by  C  +  N  in  solution,  interstitial  precipitates, 

M' 

and  strain.  A  review  of  <hese  effects  and  their  interpretation  in  terms  of  dis¬ 
location  behavior  will  now  be  discussed. 

A.  EFFECT  OF  C  +  N  IN  SOLUTION 

Figure  9*  taken  from  the  work  of  Heslop  and  Fetch  (Ref.  13),  shows  how 


0-  =  (T'*'  +  (T  varies  with  the  amount  of 

O  fi 

(T^  increases  in  proportion  to  the 
amount  of  C  +  N  in  solution  and  in¬ 
dependently  of  the  temperature;!,  e., 
only  the  athermal  component  of  the 
yield  stress  is  influenced  by  the 
C  +  N  in  solution.  Cracknell  and 
Fetch  (Ref.  12)  and  Heslop  and 
Fetch  (Ref.  13)  attribute  this  in¬ 
crease  to  the  resistance  of  C  and  N 
atoms  to  the  motion  of  dislocations. 
Using  the  method  of  Mott  and 
Nabarro  (Refs.  35  and  36)  for  the 
motion  of  dislocations  through  finely 
dispersed  centers  of  internal  stress , 
they  calculated  that  the  effect  should 
be  proportional  to  the  concentration, 
just  athermal,  and  give  a  stress  in¬ 
crease  of  about  4-10  kg/mm^  for 
0.  25  percent  C  (all  in  agreement  with 
the  experimental  observations). 


+  N  in  solution.  It  is  seen  here  that 


Fig.  9.  Effect  on  <r  =  (T'J'  +  o-  (st) 
of  c  +  N  involution 
(Ref.  13) 
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On  the  other  hand,  Schoeck  and  Seeger  (Ref.  37)  suggest  that  the  effect  on  o' 
of  C  +  N  in  solution  is  due  to  the  resistance  to  dislocation  motion  associated 
with  stress -induced  ordering  of  the  interstitials  in  the  stress  field  of  a  dis¬ 
location.  Since  both  the  strength  and  radius  of  an  atmosphere  of  ordered 
interstitials  are  inversely  proportional  to  the  temperature,  the  increase  in 
yield  strength  due  to  this  effect  is  temperature  independent.  Assuming  that 
the  increase  in  c  because  of  C  +  N  in  solution  is  due  to  the  stress -induced 
ordering  of  interstitials,  they  calculated 


-  70  7 

T  =  38  X  10  f/ba  dynes/cm 
p  o 


(7) 


where  f  is  the  atomic  fraction  of  interstitials,  a  is  the  lattice  constant, 

o 

and  b  is  the  Burgers  vector.  Substituting  into  this  equation,  they  obtained 

values  of  cr  in  agreement  with  the  yield  stress  of  single  crystals  in  the 

temperature  range  where  the  stress  is  relatively  independent  of  temperature, 
o  -4-1 

i.  e.  ,  at  T  «  300  K  for  €  =  10  sec  .  Also,  their  calculations  predicted 
that  do-  /dc  =  65  kg/mm  /at*  %,  in  good  agreement  with  the  experimentally 

p  2 

observed  value  of  dcr  /dc  =  45  kg /mm  /at.%  in  Fig.  9.  Additional  support 
for  the  Schoeck  and  Seeger  mechanism  is  provided  by  the  work  of  Wilson  and 
Russell  (Ref.  38).  They  found  that  a  part  of  the  increase  in  yield  stress  dur¬ 
ing  strain-aging  of  a  low  carbon  steel  developed  too  rapidly  to  be  explained  by 
long-range  diffusion  of  C  and  N  to  the  dislocations.  The  rate  at  which  the 

4 

initial  rise  in  yield  strength  developed  and  the  dependence  of  its  magnitude 
on  the  dissolved  C  +  N  content  were  in  good  agreement  with  the  increase 
expected  due  to  the  stress-induced  ordering  of  interstitials  in  the  stress  field 
of  a  dislocation. 


To  reform  an  atmosphere  of  ordered  inter stitial  atoms ,  the  interstitials  in 
the  immediate  vicinity  of  a  dislocation  need  make  only  one  atomic  jump. 
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In  view  of  the  above,  it  is  evident  that  additional  work  is  needed  to  identify 
positively  the  mechanism  responsible  for  the  increase  in  yield  stress  due  to 
C  +  N  in  solution. 

B.  EFFECT  OF  PRECIPITATES 

That  precipitates  of  C  and  N  contribute  to  the  athermal  component  of  the  yield 
stress  is  shown  in  Fig.  10.  The  effect  of  interparticle  spacing  on  (r  was 


investigated  by  Leslie  (Ref.  33)  for 
carbide  particles  and  Keh  and 
Wriedt  (Ref.  39)  for  nitride  parti¬ 
cles,  using  electron  transmission. 
Their  results  are  given  in  Figs.  11 
and  12.  It  is  seen  from  the  graphs 
on  the  left  side  of  these  figures  that 
the  relationship  between  interparti¬ 
cle  spacing  \  and  the  yield  strength 
can  be  considered  to  obey  Orowan's 
equation  (Ref.  40)  for  the  shear 
stress  T  required  to  bow  a  dislo¬ 
cation  between  the  particles, 
namely. 


Fig.  10.  Effect  of  Quench- Aging  on 
Lower  Yield  Stress  of  Mild 
Steel  (Ref.  13) 


T  =  +  a|ib/\ 


(8) 


is  the  shear  stress  required  to  move  a  dislocation  in  the  absence  of 

particles,  a  is  a  constant  of  the  order  of  1/2,  \i  is  the  shear  modulus,  and 

3  2 

b  is  the  Burgers  vector.  Substituting  \x  =  7.  8  X  10  kg/mm  , 

-  8 

b  =  2.48  X  10“  cm,  a  =  1/2,  and  a*  =  2t  into  Orowan’s  equation,  one  obtains 

-4 

a  value  in  reasonable  agreement  with  the  experimental  results  of  1.  93  X  10 
kg/mm  /cm  for  the  slope  of  versus  l/\.  Also,  there  is  good  agreement 
between  the  extrapolated  values  of  the  lower  yield  stress  for  \  ^  =  0  and  the 
experimental  values  of  the  as-quenched  or  over-aged  conditions. 
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Fig.  11.  Relationship  Between  Yield 

Stress  and  Carbide  Spacing  in 
a  Quench-Aged  Fe  — 0.  45  Mn  - 
0.  01  7C  Alloy  (Ref.  33) 


More  recently  Ansel  and  Lenell 
(Ref.  41)  have  proposed  that 
yielding  in  dispersion-hardened 
materials  occurs  when  the  shear 
stress  due  to  piled-up  groups  of 
dislocations  held  up  at  the  dis¬ 
persed  particles  is  sufficient  to 
either  plastically  deform  or 
fracture  the  particles.  This  leads 
to  the  following  relationship  be¬ 
tween  the  yield  stress  and  the 
particle  spacing: 

T-  +  y|j.  (9) 


Fic^. 


where  fi  is  the  shear  modulus  of 
the  matrix,  p'l'  is  the  shear  mod¬ 
ulus  of  the  particle  and  a  is  a 
proportionality  constant  depend¬ 
ent  on  the  crystal  perfection  of 
the  dispersed  particles.  To 
check  this  relationship,  a  plot  of 
yield  stress  versus  is 

given  in  the  right  of  Figs.  11  and 
12,  It  is  seen  here  that  the 
extrapolations  to  =  0  do 

not  agree  with  values  of  the  stress  for  the  quenched  or  over-aged  condition, 

although  Eq.  (8)  can  be  considered  to  be  obeyed  over  the  range  of  interparticle 

spacings  investigated.  Because  the  values  of  and  a  are  not  known  for  iron 

carbide  and  nitride  particles,  the  theory  cannot  be  checked  from  the  value  of 

-1/2 

the  slope  of  the  plots  of  o*  versus  \ 


12.  Relationship  Between  Yield 
Stress  and  Nitride  Spacing  in 
a  Quench-Aged  Fe  — 0.  022 
Percent  N  Alloy  (Ref!  39) 
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EFFECT  OF  STRAIN 


C. 

Keh  and  Weissman  (Ref.  30)  report  that  the  dislocations  for  the  most  part  are 
relatively  straight  and  lie  on  crystallographic  plans  for  the  deformation  of 
polycrystalline  iron  at  low  temperatures  (140^K).  On  the  other  hand,  at 
300^K  they  cluster  inside  the  individual  grains  to  form  cells  where  the  cell 
walls  consist  of  a  tangled  network  of  dislocations.  The  tendency  to  form  cells 
is  a  function  of  strain  as  well  as  deformation  temperature,  occurring  at 
larger  strains  for  lower  temperatures. 

If  the  effect  of  strain  on  (r^  is  due  to  the  long-range  stress  fields  associated 
with  dislocations  on  parallel  planes,  then  this  contribution  to  o*  is  given  by 
(Ref.  35): 


T  =  aubp 

p 


1/2 


(10) 


where  a  is  a  constant  of  the  order  of  0.  1  and  p  is  the  density  of  dislocations, 
which  increases  with  strain.  An  analysis  by  Li  (Ref.  42)  of  the  stress  field  in 
the  interior  of  the  cells  due  to  the  cell  walls  (consisting  of  crossed  grids  of 
screw  dislocations)  yields  a  similar  increase  in  flow  stress  with  dislocation 
density.  Thus,  it  appears  that  the  effect  of  strain  on  cr  is  given  by  Eq.  (10) 
(p  increasing  with  strain),  irrespectively  of  whether  the  dislocations  are 
relatively  straight  on  parallel  slip  planes  or  are  in  the  form  of  tangles  in  cell 
walls;  the  only  difference  for  the  two  distributions  is  perhaps  in  the  con¬ 
stant  a. 


Figure  15  of  Ref.  2,  taken  from  the  work  of  Keh  and  Weissman  (Ref.  30), 
shows  that  the  flow  stress  of  deformed  iron  increases  with  dislocation  density 
according  to  Eq.  (10),  giving  a  value  of  a  =  0.  38.  This  and  the  fact  that  the 
strain  hardening  in  iron  is  relatively  independent  of  temperature  suggest 
that  the  increase  in  with  strain  is  principally  due  to  long-range  stress 
fields.  In  agreement  with  this  is  the  fact  that  slip  in  single  crystals  and 
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Fig. 


D. 


13.  Relationship  Between  Average 
Dislocation  Density  and  Plastic 
Strain  in  Iron  (Ref.  30) 


polycrystalline  grains  of  iron 
occurs  principally  on  a  single 
surface  consisting  of  the  most 
favorable  oriented  slip  vector  and 
the  plane  of  maximum  shear 
stress;  very  little  slip  occurs  on 
any  other  plane  (Ref.  18).  Finally, 
the  parabolic  form  of  the  stress - 
strain  curves  for  iron  (Ref.  18) 
are  in  agreement  with  Eq.  (10) 
and  the  observed  increase  in  dis¬ 
location  density  with  strain  given 
in  Fig.  13. 


COMBINED  EFFECT  OF  C  +  N  IN  SOLUTION,  PRECIPITATES, 
AND  STRAIN 


It  is  expected  that  the  combined  effect  of  the  C  +  N  in  solution,  precipitates, 
and  strain  on  is  given  by  the  sum  of  the  individual  contributions  and,  hence, 
choosing  the  mechanisms  which  seem  most  plausible  at  the  present  time,  we 
have 


T 


jibp 


1/2 


a^bX 


-1 


(11) 


where  and  are  constants  of  the  order  0,  3-0.  4,  «  38  X  10 

dynes  cm^,  f  is  the  atomic  fraction  of  interstitial  atoms,  and  aQ  is  the 
lattice  constant. 
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V.  INTERPRETATION  OF  k 


The  model  of  yielding  proposed 
by  Cottrell  (Ref.  6)  is  shown 
schematically  in  Fig.  14.  Due 
to  the  elastic  interaction  be¬ 
tween  C  and  N  and  the  disloca¬ 
tions  in  iron,  these  interstitials 
segregate  to  the  dislocations 
and  lock  them.  During  tlie 
initial  loading  of  a  specimen 
below  the  upper  yield  stress, 
some  dislocations  are  torn  from 
their  interstitial  atmospheres 
at  regions  of  stress  concentra¬ 
tion  (for  example,  at  and 
act  as  sources  for  the  genera¬ 
tion  of  additional  dislocations. 

The  newly  generated  dislocations  then  move  along  the  slip  plane  and 
pile  up  at  some  strong  obstacle  (such  as  a  grain  boundary)  where .  they 

exert  a  stress  concentration  whose  value  at  a  distance  i  ahead  of  the  pile-up 

1  /2 

is  given  by  (t  =  T^)(d/2i)  .  Here  t  is  the  applied  shear  stress,  d  is  the 

grain  diameter,  and  represents  the  resistance  of  the  lattice  to  the  motion 

of  dislocations  from  to  the  grain  boundary.  Yielding  occurs  at  (the 

location  of  another  locked  dislocation  in  the  next  grain  at  a  distance  i  from 
the  boundary)  when  the  total  stress  there  is  sufficient  to  tear  the  dislocation 
from  its  atmosphere  with  the  aid  of  thermal  fluctuations.  If  is  the  un¬ 
locking  stress  at  S^#  one  obtains 


GRAIN 

BOUNDARY 


Fig.  14.  Schematic  of  Model  Proposed 
by  Cottrell  (Ref.  6)  for 
Yielding  in  Iron  and  Steel 


(t  -  T^)(d/2i)^^^  +  T  = 


(12) 


If  d  »  i  ,  this  becomes 


,  ,,,  J/2  ,-1/2 

T  =  +  (2i )  d  (13) 

which  is  identical  to  Eq.  (1)  with  =  l/2|(r'i'  +  cr^(st)}  and  k  =  2(2i)^^^T^. 

Some  support  for  the  above  interpretation  of  k  is  provided  by  the  fact  that  the 
value  of  derived  from  experimental  values  of  k  is  in  agreement  with  that 
expected  from  theoretical  considerations  (Ref.  6).  In  agreement  with  the 
model,  k  also  decreases  significantly  as  the  C  and  N  contents  are  decreased 
by  decarburization  (Ref.  43).  However,  two  experimental  facts  are  not  in 
accord  with  Cottrell's  model  of  yielding: 

a)  k  is  relatively  independent  of  temperature  and  strain  rate 
in  the  range  of  100^-300^K  (Refs.  7,  14,  and  44),  which  is 
not  expected  from  the  analyses  of  unlocking  by  Cottrell  and 
Bilby  (Ref.  45),  Fisher  (Ref.  46)  and  Cottrell  (Ref.  47). 

b)  k  is  approximately  the  same  for  the  flow  stress  beyond  the 
lower  yield  stress  as  it  is  for  the  lower  yield  stress  (Refs_^ 

7  and  16).  This  is  not  expected  if  yielding  represents  the 
unlocking  of  dislocations  and  flow  represents  the  motion 
of  free  dislocations. 

The  first  discrepancy  can  be  explained  if  the  unlocking  at  is  athermal 
rather  than  thermal,  e.  g.  ,  the  interstitial  atmosphere  may  be  so  wide  that 
thermal  fluctuations  do  not  play  a  significant  role  during  unlocking.  Some 
indication  that  this  may  be  the  case  for  a  Cottrell  type  atmosphere  is  pro¬ 
vided  by  the  work  of  Cochardt,  Schoeck  and  Wiedersich  (Ref.  48),  which 
shows  that  the  slip  plane,  as  well  as  immediately  below  the  extra  half-plane 
of  the  dislocation,  are  equally  favored  sites  for  interstitials.  Also,  if  the 
atmosphere  is  a  Snoek-type  (ordered  interstitials  in  the  stress  field  of  a 
dislocation),  the  unlocking  would  be  athermal  (Ref.  32). 
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An  explanation  for  the  second  discrepancy  is  that  unlocking  occurs  during 
flow  as  well  as  during  yielding  (Refs.  16  and  43).  Also,  there  is  some  ques¬ 
tion  as  to  whether  k  is  the  same  for  the  flow  stress  as  the  yield  stress 
(Ref.  43).  If  these  explanations  are  valid,  the  Cottrell  model  could  therefore 
still  apply.  However,  several  other  observations  suggest  that  unlocking  of 
dislocations  is  not  responsible  for  the  yield  point  in  iron: 

a)  In  LiF  crystals  exhibiting  a  yield-point  behavior,  the 
original  pinned  dislocations  remain  locked  and  do  not 
participate  in  the  yielding  (Ref.  49).  There  is  some 
indication  that  this  is  also  the  case  for  fully  pinned  dis¬ 
locations  in  iron  and  steel  (Ref.  50). 

b)  In  iron  and  steel  exhibiting  a  yield  point,  the  dislocations 
are  often  pinned  by  precipitates  rather  than  an  interstitial 
atmosphere  (Refs.  30,33,  and  39).  It  is  difficult  to 
imagine  that  a  Cottrell- Bilby  (Ref.  45)  type  of  unlocking 
is  operative  in  such  cases. 

c)  Dislocation  pile-ups  have  not  been  observed  in  polycrystal¬ 
line  iron  either  by  etch-pits  (Ref.  51)  (3  percent  silicon- 
iron)  or  by  electron  transmission  microscopy  (Ref.  30). 

The  evidence  is  thus  rather  strong  that  in  iron  and  steel  k  is  not  a  measure 
of  the  stress  to  unlock  dislocations  from  an  interstitial  atmosphere. 


Four  alternative  explanations  that  do  not  involve  the  unlocking  of  dislocations 
have  been  proposed  for  the  effect  of  grain  size  on  the  yield  and  flow  stress: 

a)  The  increase  in  stress  with  decrease  in  grain  size  results 
from  the  fact  that  different  thermal  treatments  used  to 
obtain  different  grain  sizes  yield  different  dislocation  or 
precipitate  structures  (Ref.  7). 

b)  k  represents  the  stress  to  athermally  generate  dislocations 
from  the  grain  boundary  or  its  immediate  vicinity  (Ref.  7). 

c)  k  is  a  measure  of  the  energy  associated  with  the  additional 
grain  boundary  surface  area  formed  when  slip  bands 
penetrate  the  boundary  (Ref.  52). 

d)  k  is  related  to  the  strong  work-hardening  in  the  vicinity  of  a 
grain  boundary  due  to  the  complexity  of  slip  which  occurs 
there  (Ref.  53). 

At  present  there  is  insufficient  evidence  to  fully  substantiate  any  of  these  ideas. 
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VL  INTERPRETATION  OF  THE  YIELD  POINT 


As  indicated  above,  numerous  experimental  data  suggest  that  the  yield  point 
in  iron  and  steel  is  not  due  to  the  thermally- activated  tearing  of  dislocations 
from  their  interstitial  atmosphere.  This  is  pointed  out  in  Ref.  9.  It  is 
postulated  that  the  yield  point  in  iron  and  steel  may  be  of  the  type  proposed 
by  Johnson  and  Gilman  (Ref.  49)  for  the  yield  point  in  LiF,  i.  e.  ,  it  results 
from  the  lower  average  velocity  of  dislocations  required  to  maintain  a  con¬ 
stant  strain  rate  when  there  occurs  a  sudden  multiplication  of  dislocations  by 
some  mechanism  such  as  the  double  cross- slip  mechanism  of  Koehler  (Ref. 

54)  and  Orowan  (Ref.  40).  Three  factors  favor  the  occurrence  of  such  a 
yield  point: 

a)  Initially  there  should  exist  only  a  small  number  of  dis¬ 
locations  which  can  contribute  to  the  plastic  flow. 

b)  The  dislocation  density  contributing  to  the  plastic  flow 
should  increase  very  rapidly  with  strain. 

c)  The  change  in  stress  for  a  given  change  in  dislocation 
velocity  (00*/ 01nv  or  0(r/01n€)  should  be  relatively  large. 

All  three  of  these  are  found  in  iron  or  steel  exhibiting  a  yield  point.  A  low 
initial  dislocation  density  results  from  the  fact  that  the  original  dislocations 
are  pinned  by  an  interstitial  atmosphere  or  precipitates.  A  rapid  increase 
of  dislocation  density  with  strain  is  indicated  by  the  data  in  Fig.  13  and, 
furthermore,  is  suggested  by  the  observations  of  Low  and  Guard  (Ref.  32) 
on  the  multiplication  of  dislocations  in  silicon-iron.  Finally,  the  change  in 
stress  for  a  given  change  in  strain  rate,  (0(r/01n€)  is  larger  for  iron  than  for 
the  close -packed  metals  which  do  not  normally  exhibit  a  yield  point.  For 

example,  for  a  strain  rate  of  10  ^sec  ^  at  ZOO^K,  9(r/91n€  for  iron  is 

2  2 
1.  74  kg/mm  (Ref.  9)  at  the  yield  stress,  while  it  is  '^'0.  02  kg/mm  for  copper 

(Ref.  55).  The  conditions  are  thus  favorable  for  the  occurrence  of  a  Johnson- 

Gilman  type  yield  point  in  iron  and  steel. 
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To  check  this  interpretation  of  the  yield  point,  stress -strain  curves  are 
calculated  for  mild  steel  at  several  temperatures  from  the  available  informa¬ 
tion  on  dislocation  density,  dislocation  mobility,  and  strain-hardening  in 

iron  and  steel.  The  exact  procedure  and  equations  employed  are  given  in  the 

-3  -1 

appendix.  The  curves  are  calculated  for  a  strain  rate  of  10  sec  and  for 
temperatures  below  ZSO^K.  i,  e.  ,  for  the  temperature  range  where  the 
activation  energy  is  proportional  to  the  temperature  (or  the  stress  range 
where  t  >  ,  and  is  defined  as  the  stress  at  300^K  for  a  strain  rate 

of '^l  sec  ^  (Ref.  9)).  Figure  15  shows  the  calculated  stress -strain  curves. 
The  experimental  curves  are  also  given  for  comparison.  Agreement  between 
the  calculated  and  experimental  stress -strain  curves  is  exceptionally  good, 
especially  in  view  of  some  of  the  assumptions  which  were  made  in  the 
calculations. 


Figure  15.  Comparison  of  Calculated 
and  Experimental  Stress- 
Strain  Curves  for  Mild 
Steel 
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APPENDIX 


PROCEDURE  EMPLOYED  TO  CALCULATE  THE  STRESS-STRAIN  CURVES 


The  stress- strain  curves  were  calculated  on  the  basis  of  the  relationship 

cr  =  cr*(€  )  +  (r°  +  (T  («  )  (A-  1 ) 

|J.  p, 

where  is  the  thermal  component  of  the  stress  that  is  dependent  on  the 

strain  €  through  the  dislocation  density  p  contributing  to  the  plastic  flow, 

cr^  is  the  initial  athermal  component  of  the  stress,  and  o'  is  the  increase 
M- 

in  the  athermal  component  due  to  strain  hardening.  To  obtain  ct'''  as  a  func¬ 
tion  of  strain,  it  was  assumed  that  the  dislocation  density  p  contributing  to 
the  plastic  flow  was  the  same  as  the  total  dislocation  density  measured  by 
Keh  and  Weissmann  (Ref.  30)  (Fig,  13,  this  paper)  and  was  given  by 

P  =  (A-2) 

Da 

-1/2 

where  p  =  70  mm  ,  b  is  the  Burgers  vector,  and  d  is  the  grain  size. 
Inserting  this  value  for  p  in  Eq.  (4)  of  the  text  gives 

H(t*)  =  kTinfif^j^  (A- 3) 

Taking  sv*  =  10^  cm/sec  from  the  dislocation  mobility  data  by  Stein  and  Low 
(Ref.  23)  (Fig.  5,  this  paper),  the  change  in  H(t'!0  with  strain  was  calculated 
for  a  given  temperature,  grain  size,  and  strain  rate.  Having  established  the 
variation  of  H(t'‘0  with  strain,  the  change  in  o'**'  (equal  to  2t^)  with  strain  was 
determined  from  the  solid  curve  relating  H  and  t'*'  given  in  Fig.  2  of  the 


text.  cr°  was  taken  as  the  lower  yield  stress  at  300^K  corrected  for  the  strain 

hardening  associated  with  the  lower  yield  point  elongation  by  substituting  p 

from  Eq.  (A-2)  into  Eq.  (10)  of  the  text,  with  a  =  0.  38.  The  increase  in  o* 

with  strain  was  also  obtained  by  substituting  p  from  Eq.  (A-2)  into  Eq.  (10). 

The  stress- strain  curves  were  then  determined  by  adding  the  values  of 

0*^,  and  cr  for  each  value  of  strain.  Since  only  plastic  strain  was  considered 
KM- 

the  upper  yield  point  was  taken  as  the  stress  at  a  plastic  strain  of  10  .  This 

is  approximately  the  observed  pre-yield  microstrain  (Ref.  56-58). 
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